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A STUDY OF LAND DRAINAGE BY PUMPING 
FROM AN EXPERIMENTAL DRAINAGE 
WELL IN THE DELTA AREA, UTAH 
INTRODUCTION 
Although it is now generally accepted that, in the west, irrigation 
and drainage are necessarily complementar,y practices, the realization 
has been slow in developing. Recent estimates indicate that about 8 
million acres of land under irrigation in the 17 western states require 
drainage. (8) For most irrigated lands a depth to groundwater of at 
least five to ten feet is desirable. Very high capital as well as annual 
maintenance costs would be involved in meeting this .minimum requirement 
f 
wi th the "usual types of tile and open drains. Indeed, in most instances 
it cannot economical~ be accomplished. The purpose of this stu~ is to 
determine the degree to which pumping groundwater, so successful in 
certain other areas, can contribute to the solution of the drainage problem 
in the Delta Area, Utah. The data presented herein have been collected 
in meeting one of the objectives of a cooperative research agreement 
between the four Millard County drainage districts, the U. S. Regional 
Salini ty Laboratory, and Utah Agricultural Experiment Station, namely, 
"to study the feasibility and costs of drainage by pumping from wells in 
the areatf • (15) 
Location and Extent of Area 
-----
The Delta Area, in Millard County, Utah, comprises about 11.5,000 
acres, of which about 80,000 acres are included in drainage districts, 
and of which approximately 35,000 acres are irrigated. The average 
annual rainfall is approximately ~ight inches and irrigation is essential 
to satisfactory crop production. The Sevier River, which winds through 
the region in a south-westerly direction, is the source of irrigation 
water and also provides the only natural drainage. For the most part 
the area is a desert plain about 4600 feet in elevation with comparatively 
little slope. 
9 
Delta ~ Drainage E!Periences 
"Irrigation wa~ begun in the area about 1860 and gradually expanded 
until about 190,5 when it was given a new impetus.1t (6) The groundwater, 
usually comparatively near the ground surface due to the geological. 
structure of the valley and plain as described later, graduaJ..ly rose to 
points near the land surface over large areas. The high evaporation 
losses from these moist soils resulted in surface concentration of 
alkaline salts and decreased productivity. The flat terrain, the rela-
tively heavy and impermeable soils, and the high salt content of the 
irrigation water complicate the drainage problem. 
The four drainage districts which are still in 'operation were 
organized between 1914 and 1918. A large tile drainage construction 
program was carried out mainly during the period of llorld War I high 
prie:es. The cycle of 10l'l prices for agricultural products and inadequate 
water supplies which follcnved resulted in abandonment of lands and a 
disregard for the need of drainage. With the returh of adequate water 
supplies and the re-occurrence ot waterlogging during the last decade, 
has come a more general realization that drainage is a vital problem. 
The recent construction of open drains, in ma.tl7 cases cutting the 
existing tile lines at right angles to make them function again, has 
made it pos sible to continue farming operations in the Delta Area. Since 
open drains and tile lines can only be constructed at shallow depths, 
the groundwater cannot alwqs be maintained below the mini mum desired 
level, which in this area is considered by local officials to be 5 feet. 
(16) It is believed, therefore, that the present drainage facilities in 
, " 
the Delta Area are inadequate. 
Advantages '~~ing Ground water 
Further objections to open drains are the unsightliness, the value 
of the land which they withhold from cultivation, and the high maintenance ° 
costs due to weed growth and instability of sideslopes •. where ch-ainage 
by pumping is feasible, it otters the following advantages: 
1. The value for irrigation use ot the water pumped materially' 
lowers, it it does not completely otfset, the cost of drainage provided 
the quaJ.i ty is such that the water can be used tor irrigation. Further, 
and subject to the same provision, the extra water made available by 
pumping constitutes a natural resource which should be utilized. Par-
ticularly is this the case in areas where the amount of _ water available 
is the limiting factor in the acreage of land irrigated. 
2. The water table oan be more closely controlled than by any 
other method. 
3. Maintenance costs are low. 
11.. Power, th.e chief annual cost, has steadily become cheaper over 
the y-ears. The trend promises to continue. This is a stabilizing 
economic factor in pumping. 
s. Exper1enc~ in areas which have pumped groundwater extensive~ 
indicates that capital costs are materially lower for drainage bY' 
pumping than tor any other method.. 
6. .Alm.ost no land is withheld from cu1tivation. 
Experiences ~ other Areas 
Experience in other parts ot the western United States has demon-
strated that drainage is seldom a problem where an appreciable part 
of the irrigation water is pumped from wells in the immediate area. (16) 
Several areas which began pumping as a drainage measure now pump almost 
solely for irrigation water supplies. Drainage has been automatical17 
taken care of except in minor areas where pumping primariJ.y tor drainage 
has had to be continued. Examples are the Salt River Valley in Arizona 
and the San Joaquin VaJ.ley in Oalifornia. 
Around Phoenix, Arizona, drainage became a problem about 1918" some 
seven years after the completi-on of Roosevelt Dam greatly' expanded irriga-
tion in ,the area. The Salt River Valley Water Users' Association decided 
to pump groundwater. (8) Figure 2 shows the water table at its highest 
I 
point at the beginning of 1920, and its steady" decline with increased 
\,. 
pumping since that date. In 1946 the association p~ed one-third of 
its water su:pplies, and the depth to groundwater was greater than fifty" 
feet. Indeed, the present concern is not drainage but the recharge ot 
the grou.ndwater reservoir. 
The experiences of the Modesto Irrigation District in Oali.tb rnia are 
illustrated in the following sunmta.r.r:) 
ftThe tot81. cost of construction for wells, pumps and discharge 
pipe lines, up to and including 1939, was $159,000 as compared 
with $308,000 previously cited as cost of gravity drains. The 
cost of operation and maintenance for the pump system tOtaled 
#60,050 and similar cost for gravity drains equaled $148,700. 
The power cost for operating pumps totaled $393,100. 
"On the basis of ,0,000 acres, which is the area subject to a 
high water table, the cost per acre, including $4.38 for con-
struction, maintenance and operation, and $7.86 tor power cost, 
is $12.24 for drainage pumps as compared with $9.13 per acre 
expended tor gravity drains. During the period in 'Which the 
District has operated the pumps, a total ot 602,000 acre-teet 
of water has been pumped, equivalent to more than twice the 
capacity of Don Pedro Reservoir. Approximately 75% ot all. pumped 
water has been used tor irrigation. At the rate of $1.36 per 
acre-toot, the pumped water which was used instead ot gravity 
water tor irrigation would have a potential value of $ 612,150, 
which would entirely offset all drainage pump costs. n (3) 
"The Modesto experience leads to the conclusion that the opera-
tion ot deep-well pumps is not only a most satisfactory m.ethod 
ot sub-surface drainage, but also a self-liquidating project." (8) 
Study ~ GeolOgical Formation Important 
In order to pump successtully from wells, there ~t be water-bearing 
strata coarse enough to yield water readil.y. It becomes of prime importance 
I 
then to study the geology of the Delta Area and thus determine the areas 
12 
in which pumping trom wells is most likely to be feasible from this 
standpoint. The U. S. Geological Survey has made such a study ot 
Millary County which is described by O. -E. Meinzer, and summarized in 
the following section. (12) 
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GEOLOGY ~ !!!! DELTA AREA 
General. 
Utah lies in two major physiographic regions--the Plateau and Basin 
provinces. Millard County lies in the Basin province consisting of a 
desert plain interru.pted by more or less parall.el and isolated mountain 
ranges. (See Figure 3) Weathering and stream and lake action have com-
bined to graduaJ.l.y wear down the mountains and fill the intervening 
basins. 
Stream Deposits 
When a stream escapes tram its canyon and its carrying power diminishes, 
it drops the coarsest part ot its load first and conveys the finest sedi-
ments farthest into the valley or desert. Hence the upper parts of the 
alluvial slopes consist largely of gravel and boulders, and the parts 
most remote from the mouths of the canyons are underlain by beds of fine 
~lq and sand associated with little gravel and no boulders. In most 
localities the stream deposits include beds of sand and gravel!' 1ltti.cll· are 
. . ... 
••• l.-,- • 
capable of yielding water freely. As the distance from the mcGmtainJl •• 
.... . .. 
..... . .... 
increases', the number and thickness of these beds decrease, the~ CGn-
•••• 
stituent particles become smaller, and their yield of water b~Jo~es:ivss 
.... : . 
copious; but fairly abundant supplies can generally be obtainecl. s!vell· b. 
. e..-
the valley flats. 
~ Deposits 
In the quiet waters of a lake, the gravel and sand brought by streams 
are deposited near the shore and only very fine particles which remain in 
suspension for a long period of time reach points remote from the shore. 
Hence lake deposits are likely to consist so largely of beds of clay and 
fine-grained quicksand that they 'Will yield only meagre supplies of water. 
This condition is imminent in the region designated the Sevier Desert. 
~ i)pical Valley !!!! Desert Flat 
A typical valley of this region consists of a rock trough partly 
.. n.I)f!:°5 .Lk·UU~ , 
tilled with sediments so dispersed as to form. alluvial slopes on each 
side with a flat between. Stream deposits underlie the aJ.luvial slopes 
but lake deposits may occur at the centre. Vlater coming from the moun-
tains is readily absorbed by the porous gravel of the alluvial slopes and 
transmitted to the pervious strata underlying the vaJ.ley ground sUrface. 
On the central fiats and the lower parts of the alluvial. slopes the 
groundwater is therefore near the ground surface and can easily be obtained 
by sinking wells into the unconsolidated sediments. The bedrock serves 
as a confining basin. 
The deserts differ from the valleys mainly in that they have more 
extensive central. flats with a more important development of lake 
deposits of non-water-bearmg clay and quioksand. In many cases salty 
water is encountered in the water-bearing materials. (See Figure 4) 
~ Sevier Desert 
The Delta Area lies in just such a desert plain nearly surrounded 
by mountain ranges which form a closed basin and designated by Meinzer as 
the Sevier Desert. As defined by Meinzer, the area is bounded on the 
north by the Juab-Millard County line, on the east by the CaJl1'on Range, 
on the south bY' a line passing through Pavant Butte and the north end 
of Cr1ckett Mountains J and on the west by the Little Drum Mountains and 
SwaseY' Wash. (See Figure 3) 
~ Bench 
When the Sevier Desert was submerged beneath Lake Bonneville during 
the Provo stage, the Sevier River, on emerging from its canyon at 
Leamington, bull tits depos1 ts into an extended and somewhat complex 
delta. The upper portion, consisting of a relatively level upland tract, 
has been named Lynn Bench. It consists largely of sandy and gravelly 
material which absorbs much of the rainfcUl and is likely the principal. 
15 
hydrologic contributor to the groundwater of the lower areas. The south-
western border of the bench is a clearly recognizable gradual. slope 
approximately one-half mile north of the town of Delta and one and one-
half miles northeast of the location of the experimental drainage well 
at Sutherland. 
The Desert Flat 
- -
The adjacent flat is a vast featureless tract with little slope for 
the most part. The Sevier River empties into Sevier Lake far to the south-
west and there are other minor, shallow, isolated depressions which serve 
as local drainage areas. 
At Deseret and other settlements not too far removed from the base 
of the bench, many successful wells m ve been drilled. The sediments 
consist mainly of clay with very little gravel. There are, however, 
numerous beds of sand all of which are charged with water which rises 
nearly" to., or slightljr above, the ground surface. The theory of sedi-
mentation previously described is borne out for this general area by the 
log of wells at Lynn (now Lynndyl), Oasis, Swan Lake Farm, Neels, and 
Goss. (See Figure 5) These show that conditions become more unfavorable 
for groundwater supplies as sediments become finer with increasing distance 
in a southwesterly direction trom ~ bench. 
l6 
GROUNDWATER 
Definitions 
The pore spaces in soils and alluvial materials, and the fissures, 
and solution channels in rocks, make up a vast underground reservoir. 
(14) The water that occurs in the zone of' saturation beneath the land 
surface and fills these pores is commonly caJ.led groundwater. The level 
to lyhich the reservoir is filled constitutes the water table (17) and is 
defined as the contact plane between free groundwater and the capillary 
.fringe, or as the upper surface of the zone of saturation. 
HU a well is sunk into a permeable material just to the point 
where water enters the well and forms a water surface in it, 
that surface marks the hydrostatic level of the water at the 
top of the zone of saturation; by definition, it indicates the 
position of the water table at this place. D (13) 
Forms of Groundwater 
At though condi tiona in nature are highly complex, in general ground-
water may- be classified as tree, confined or fixed. In the ideal case, 
free groundwater is free to move through pervious material under the 
control of the slope of the water table, and is unhampered by a:ar con-
fining impervious materiaJ.. It occurs beneath the water table and is 
bounded by the first effective confining stratum. Pumping for drainage 
will usually be most concerned with this form. Confined water occurs 
beneath confining strata 'Which are sufficiently impervious to sever free 
hydrauJ.ic connection with all overlying groundwater except at the. upper 
edge of the confining stratum. There the confined water connects with 
free groundwater. (See Figure 4) In cases where the hydrostatic level 
in a well piercing such a formation rises above the level of the water 
table, an artesian condition is said to exist and the water is c ailed 
artesian water. The hydrostatic level marks the piezometric surface ot 
the confined water. 
I 
I' 
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Fixed groundwater is held in small openings by molecular forces and 
does not move readily_ 
Bodies of groundwater, called perched groundwater, can also exist 
in nature and are held above the main zone of saturation by impermeable 
materiu. Their upper surfaces are perched water tables. (17) 
Sources 2! Groundwater 
Widespread observations of water fluctuations in wells, correlated 
with rainfall and runoff data, have demonstrated the influence of the 
hydrologic cycle on groundwater levels. Rere~ence has previously been 
made (see section on geology) to the manner in which particular geological. 
formations can facilitate contributions to groundwater of low-lying areas. 
In most irrigated areas, however, it is likely that the major contribution 
to groundwater comes from the irrigation water applied in excess of plant 
needs and evaporation losses. The history of most of these areas shows 
that during the early years following irrigation the water table rose, 
often from appreciable depths, and remained near the ground surface. In 
~ 
the majority of cases artificial drainage has been necessary to carry off' 
excess groundwater. 
Availability 
Not all of the water in the zone at saturation is available for 
p~ping. The term t specific yield I is used to denote the amount of 
water which the formation will yield as a percentage of a given volume 
of the formation. Similarly I specific retention I is the amount which 
the formation retains. For example it 100 cubic feet of' a saturated 
forraation when drained by gran ty will yield 20 cubic teet of water, the 
specific yield is 20%. Sim11arly' if 12 cubic feet is retained in the 
formation, its speCific retention is l2%. The sum of the two is the 
porosity. (2) 
18 
Movement of Groundwater 
---_. - -----
General 
In recent years the study of the movement of groundwater has removed. 
much of the mystery formerly surrounding this subject, and shown it to 
be governed by, and as amenable to, laws quite as definite as those 
governing surface flow. 
Water table maps or profile pilottings of the water table and ot the 
piezometric surfaces of artesian aquifers form the basis for the study 
of groundwater movement. These show the hydraulic gradient and the 
direction in which the groundwater is moving in that locality, and hence 
to a great extent, they show the source and destination of groundwater 
now. Miniature cased wells or piezometers as they are called, are 
normally used in gathering such data. Investigations have shown that 
vertical as well as lateral. hydraulic gradients often occur. * 
Darcy's ~ 
Tests have sho'WJl that turbulent flow is not likely to occur in 
materials with grain size smaJ.ler than three to four millimeters even 
with unit hydraulic gradient, and that a Reynold's number of ten (2) 
indicates the inception of turbulent flow through granular materials. (17) 
Most groundwater flow is laminar.** The simple law ot laminar flow 
developed by the French investigator Poiseuille and applied to water-
bearing material by the French hydrologist Darcy, (J.3) is the basic 
J.aw ot groundwater movement. 
* Measurements in Cache Valley, Utah, have shown a piezometric surface 
thirty-two feet above ground surfaoe. This represents an.appreciable 
vertical qydraulic gradient. 
~* In turbulent flow, losses vary as the square of the velocity. It 
seems likely that turbulent flow ocours in the immediate area of 
the well. (17) 
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Darcy's law sqs that in any given material at a given temperature, 
the rate of flow is directly proportional to the hydraulic gradient. 
Expressed mathematically, 
v = ld (1) 
where v is the gross velocity ot flow over the cross section including 
both soil particles and voids, L/ T units, 
i • hydraulic gradient = ~ - difference in hydraulic head, a dimension-
r;- iength of path 
less ratio, and k is a constant of proportionality for the given material 
called permeability_ 
The quantity of water flowing through any aquifer in unit time can 
then be calculated as the product of' the area of' the soil mass through 
which now takes place, the perm.eabili ty, and tle hydraulic gradient of 
the water table. Expressed as an equation, 
Q - AV == kAi (2) 
where Q is the discharge in unit time, L3fT units. 
Because of the fundamental importance of Darcy's law, the range of 
its vaJ.1di ty has been questioned and has been thoroughly studied by 
the United States Geological Survey and other organizations. These 
studies show that the law holds for all gradients up to the critical 
velocity and inception of turbulence, and also for gradients as low as 
two or three inches to the mile. (17) (13) 
Units for!~ Factors Affecting 
Since i in Equation 1 is a dimensionless quantity, k in Equation 1 
has the dimension of velocity in engineering practice. Actually- it is 
a volume per un1t time per area, i.e. ~ = ~ • 
Several factors affect the value of k: (9) 
(a) The size and grading of particles. 
(b) The density of the materia]. as measured by porosity 
(or void ratio). 
(c) The temperature of the water. 
(d) The presence of organic matter. 
(e) The presence of colloidaJ. material.. 
(r) Air in water. 
(g) Bacterial action. 
Relation Between Engineer's ~~ Pgysicist's! 
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Since physicists have been mainly responsible for developments in 
permeabUi ty studies, the relationship between permeability K, as used 
by the physicists" and that used by the engineer, k,_ becomes important. 
Expressed mathematically these are related by 
k =.l pg (3) 
K depends only on the properties of the media, i.e. d2, where d is 
a length dimension depending on the diameter of the pores. K therefore 
has dimensions of L2. 
P _ mass densi ty of the fluid flowing, ~ • 
g = acc. of gravity, ~ • 
AI = coefficient of viscosity of the fluid flowing, IL • 
LT 
As a check on units 
L 2 JI 1 L L 
k = T • L • L3 • J1VLT • TZ == T • 
The engineer's k* then is a function of: 
1. The media through which flow occurs (the effective d2). 
2. The viscosity and density of the fluid. 
In engineering practice, permeability measurements are standardized 
tor the viscosity and density of water at 20°0. B.f reference to Equation 2 
* In the literature, several other units for k are proposed. In the 
interests of standardization the two forms mentioned herein seem 
most likely to achieve wide acceptance. 
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then, k can. be considered as the discharge through unit area under unit 
hydraulic gradient. 
!!!! Significance ~ ! 
The permeability" k, is a characteristic ot the formation, and thus 
beyond control. Its influence on the flow through a water-bearing 
stratum is best shown by a studygf Equation 2, which shows that, under 
a constant Jvdraulic gradient, Q varies directly with k. Thus, if one 
formation is twice as permeable as another, other things being equal, 
twice the flaw ~ be expected through the more permeable formation. 
In the field, k is found to be a highly variable factor for different 
materials* and has come to be considered the limiting factor in much 
drainage work. 
* In drainage investigations in Cache Valley, Utah, materials 100,000 
times as permeable as others have been encountered. Permeability 
ratios of 10,000 to 1 have been measured in the Delta Area. 
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THE HYDRAULICS OF WELLS 
- ---
Wells .!! Engineering Structures 
Wells can be considered as engineering structures designed to make 
available for economical pumping the largest possible quantity of water 
from the formation in 1ijli ch they are constructed. (2) :Many factors 
affect the achievement of this aim. Among these are, 
1. Methods and materials of construction. 
2. Well diameter and depth. 
3. The amount of development work done. 
4. Size, shape, and number of casing perforations or screen 
openings. 
Methods of construction vary 1d.dely with the formation encouhtered 
and with the use to which the well is to be put. A discussion of the 
effect of geological formation and well use on construction design is 
beyond the scope of this thesis and will not be discussed here. 
Influence £.f. !!!!! Diameter 2!! Discharge 
Although it seems clearly apparent that thewell must penetrate the 
full depth of the water-bearing stratum for maximum yield, the relation 
between well diameter and discharge is not so obvious. 
For steady radial. flow in a stratum of uniform thiclm.ess, under the 
artesian conditions encountered in the area under study, the discharge 
is given by: 
Q = 2~ t (Y2 -11) 
R2 
2. 3 ;LoglO Rl 
= Constant x 1 
R2 
loglO III 
(4) 
in which 
k = permeability, feet per second, 
Q = discharge, cubic feet per second, 
Rl and R2 • radii to selected points on the piezpmetrio 
surface, feet, 
t = thickness of water bearing stratum, feet, 
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Yl and Y2 = elevations ot the piezometric surfac~ at radii R1 
and R2 respectively, teet. (See F~gure 6) 
From Equation 4, it is evident that Q varies as J ,and since 
R2 
log III 
values of 1 change are smaJ.l compared to changes in either R2 or 
R2 
log Rl 
Rl' Q changes slowly also. (2) Although the values in practice may be 
somewhat higher, doubling the well diameter from 12 to 24 inches, for 
example, increases the discharge only about 10 percent if a radius of 
influence of 1000 feet is assumed. On this basis comparisons of yield 
for various diameters from 4 inches to 240 inches are shown in Table 2 
which is based on Equation 4. 
Table 2. Relation of 'Vfell Diameter to Yield (1, p. 152) 
Well Diameter* Relative Well Diameter 
Inches Yield Inches 
4 1.00 24 
6 1.04 48 
8 1.08 120 
12 1.15 240 
* Radius of influence assumed 1,000 feet for all wells. 
Relative 
Yield 
1.27 
1.42 
1.6,$ 
1.92 
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It appears, then, that "the only time that it is necessary to 
increase the diameter of well beyond that necessary to make the forma-
tion yield available, is when space is needed for the installation of 
pumping equipment." (2) 
!!!! Development 
The lower end of the well in the water-bearing stratum has either 
/ 
perforations cut in the casing, or a section of well screen connected to 
the end of the casing. A gravel envelope may or may not be added depending 
on the formation. The operation of developing consists of surging or 
agitating the water in the formation for the purpose of removing the 
finer material near the casing and preventing "bridgingll of the sand 
particles. This is accomplished by alternately reversing the flow of 
water through the well casing. Some of the common methods used are back-
washing (alternately starting and s topping the pump), and surging with a 
surge block or with compressed air. The materials brought into the well 
mq be removed by bailing or by pumping. 
The importance of well development can be sho1lIl by a consideration 
of the theory involved. Equa.tion:3 has shown that Q varies directly 
wi th permeabUi ty k. In turn, k has been shown to be a function of the 
effective particle diameter (i.e. d2) •. For full development and maximum 
discharge, it is desirable to have a material as coarse as . possible in the 
vicinity of' the casing by removing the fines. 
Perforation ~ Screen-opening ~ 
To understand the relationship of casing perforations or screen 
openings to the well structure, certain fundamentals must be considered. 
When water is pumped from a water table well a .lydraulic gradient toward 
the well from al.l directions is established. (2) The water table is 
lowered at the well and assumes a form comparable to an inverted cone. 
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(See Figures 8, 9 and 10) The distance that the water table is lowered 
outside the well casing with pumping is termed drawdovm. Experience 
indicate~ that tor non-artesian wells, in the majority ot cases encountered, 
90 percent ot the available yield from the formation is obtainable with 
a drawdmm of two-thirds of the water depth. (2) In any case it seems 
undesirable to pump tor long periods at maximum drawdown. 
If velocities, and thus entrance losses, through the well casing 
are to be kept at a minimum, the problem becomes one of determining the 
required area of screen openings or casing perforations to be provided 
in a length ot ohe-third the water depth. A.tter making allowance for . 
the percentage of openings which are likely. to be blocked by formation 
particles, a conservative value ot permissable entrance velocit.1 of 0.10 
teet per second has been suggested. (2) Velocity" calculations can be 
made by" use ot the equation of continuity transposed, in which: 
and 
V = i (5) 
v = Velocit,r, teet per second, 
Q = Pump discharge, cubic teet per second, 
A • Total open area of screen or perforations through which 
flow takes place, square teet. 
A similar calculation of velocities may be made for artesian con-
ditions. Theoretically in the latter case, the casing would be fu.lly 
perforated throughout the depth of the water-bearing formation. In 
practice, particularly in a shallow well, it is likely that somewhat less 
than this length, based on experience and particular conditions, would be 
perforated or screened. 
For a given slot opening, the entrance velocity of the water can be 
reduced by: 
1. Increasing length of screen or perforated section ot casing. 
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2. Increasing the screen or casing diameter. 
In the latter case for example, since circumferential area varies 
directly as the diameter, doubling the diameter would double the circum-
ferential, and thus the screen opening area. The velocity of flow through 
the casing openings is thus inversely proportional. to well diameter, or, 
doubling the 'diameter reduces velocity one-half, and friction loss one-
quarter. The sand carrying capacity of water depends on the velOCity, and 
once the entrance velocity has been reduced sufficiently to prevent sand 
carrying, no further reduction is necessary. 
Effectiveness 01' Well 
where 
"The 'effectiveness1 or eff~ciency of a well is defined by Wenzel (19, p. 148) 
as Ear. 100 Sc S . 1 
Ew = the effectiveness, percent 
(3) 
Sc = the theoretical drawdown at the outside of the casing,feet SJ. = drawdown in the well, feet 
This formula provides an excellent method of representing losses 
through the well casing and envelope and has significance ordinarily 
comparable to efficiency. Under ver,y favorable conditions of 
development, the 'effectiveness' of a well may exceed 100 percent 
due to removal of finer materials adjacent to the well and to 
increase of permeability in the area of high velOCity now. 1I (.7) 
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WELL SPECIFICATIONS AND CONSTRUCTION 
- ._-------
Introduction 
Preliminary studies of drainage by pumping from a well were con-
ducted in 1946. The methods of procedure, and the results are presented 
in the 1946 report of. the cooperative'drainage studies. (7) A new well 
was drilled in August, 1947. Details concerning the location, design, 
development, testing and operation of this well are presented in the 
following pages. 
Specifications ~ Construotion Contract = 1947 ~ 
Proposal and Contract 
Speoifications for the 1947 well were 'Written during the early 
spring. On ~une 21, the invitation to bidders was released oaJ.ling for 
bids on July 3. Only one bid was received. This bid was rejected because 
it was too high and because the driller wmlld not commit himself as to 
starting date. Negotiations were initiated with two other oontractors 
who failed to bid, either beoause they did not fully understand the 
terms of the proposal., or for some other reason. A contract was finally 
negotiated on July 9, with R. L. Halterman of Parowan, Utah. 
Specifications 
The principal features or the specifications which differed trom the 
method used in 1946 were: 
(l) The hy.draulic rotary method of drilling was excluded as 
. unsui table to the local condi tions. 
(2) A double-cased well was required. The driller exeroised the 
option of either installing the outside casing to full depth 
and then pulling to the top of the gravel after the envelope 
.. 
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was installed or or instaJ.ling only to the top of the gravel 
in the first instance. Mr. HaJ.terman elected the latter. 
Every effort was made to utilize the experience of the driller. Due 
to shortage of materials and limited drilling equipment in the area, the 
detailed specitications* were necessarily quite broad in their scope 
in order to invite com.petition and not rule out any qualified drillers. 
Location £! Well 
The 1947 well is located 97.2 feet East and 80.5 feet North of the 
Wesii one-fourth corner of Sec. 34, Township 16 S., Range 7 W., Salt Lake 
Base and Meridian. Its location with respect to the 1946 well is 
approximately 36 feet East and 6 feet North and in the same southwest 
corner of a field ovmed by Mr. W. H. Walker. Quoting from the 1946 
annual report, (7) 
"This location is one-half mile south of the village of Sutherland, 
along the east side of the main bighwq to Topaz. Across the 
road, west from the well, an irrigation canal. runs north and south 
parallel to the road. The well is also adj acent to an open drain 
which runs west to the road and then turns south along the east 
side of the road." 
Piezometer Location and Use 
----- ---- - -
Location 
The piezometers instaJ.led in 1946 were used for determinations ot 
the water table levels in 1947, during both the non-pumping and the pump- . 
ing period. The 1946 annual report gives the details of the piezometer 
location. (See Figure. 7) Piezometers of 3lB-inch diameter pipe 'Were 
installed in pairs located on four radial 3.itles running in cardinal. 
directions from the well with a fifth line running in a northeasterly 
direction. or the pairs of piezometers, the shallower one, usually 10.5 
teet in length, terminated in the upper c1a.v stratum, and the longer one 
'* These specifications are on file in the office of the Irrigation and 
Drainage Department, Utah Agricultural. Experiment Station. 
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was of such 1ength as to extend well into the gravel stratum. In most 
cases piezometer stations were located at distances of 50, 100, 200, 400, 
and 800 feet from the well. Maintenance and repl.acement of bent and 
missing piezometers has been necessar,y, but on the whole, the piezometers 
have performed quite satisfactorily. 
Water Table Profiles 
The location of the 1946 well remains the centra1 point or the 
piezometers and correction for the changed location of the 1947 well 
has been made in plotting the water table profiles. These profiles, 
determined at various times prior to, during, and following pumping, 
are shown in Figures 8 to 10. (See page 39 for further discussion of 
Figures 8 to 10) 
Control Piezometers 
To provide a check on major water table fluctuations due to general 
hydrographic conditions outside of -'(ilie probable area of influence of the 
well, but in the immediate general area, on December 26, 1947, check 
piezometers were instdled about one-half mile from the well in the 
four cardinal directions. The period of observation has been so short 
that it has not been found possible to correlate fluctuations in these 
piezometers with those in the well area. Descriptions of these locations 
are as follows: 
1. East of well 1/2 mile near cross road and beside fence along 
north side of road. 
2. South 1/2 mile. and east 1/8 mile along fence line on north 
side of paved .road and opposite farmstead • 
.3. West of well 3/8 mile along fence line south of A. Ogden 
field lane. 
4. North o£ well 1/2 mile, 100 yards west, near. power line pole 
opposite Ferrel Walker residence in Sutherland. 
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!!£. Construction 
Outside Casing 
Drilling of the 1947 well was begun on August li. A 26-inch auger 
was used to bore through the, surface 15-foot l~er of heavy clay. The 
hole was made to a depth of four feet the first ~, and completed on 
the second day. The 26-inch hole through the clay stood without support 
for four hours while the driller had several sections of 26-inch diameter 
outside casing welded in Delta to make the required length of 15 feet. 
The hole had sufficient clearance for the outside casing to be installed 
without driving. The casing was supported temporarily by wiring to two 
railroad ties set horizontaJ.ly- on the ground and then fine sand was 
paoked around it so as to hold t~e top 4 inches above the ground. A 
driving shoe was welded to the lower end as provided in the specifications. 
As an aid in centering the l2-inch casing to be installed later, 3" x 5" 
wooden guide blocks were bolted inside before lowering into the hole. 
Inside Casing 
The 4l-foot length, 12-inch diameter inside casing was of l/4-inch 
material, except for an upper 14-foot section of 5/16-inch thickness. 
Its lower end was fitted with a heavy shoe. By' bailing from the inside 
wi th a suction-type sand bucket, the unperforated casing was rapidly 
lowered through the gravel stratum. The driller reported gravel from 
15 to 31 feet, clay trom 31 to 33 feet, and fine s and from 33 to 37 feet, 
with a heavy clay layer below 37 feet. No driving of the 12-inch easing 
was necessary until the 37-toot -depth was reached. The casing was driven 
two feet into the solid clay and thus securely anchored at the 39-toot 
depth. A cross-sectional elevation of the completed well casing and 
strata is presented in Figure li. 
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During bailing, an ample supply of' graded gravel was kept between 
the casings for replacing soil material which might be removed. Appro~­
matel,- 1/3 cubic yard of gravel was fed dOlm during the process. Repre-
sentative strata samples were obtained during bailing and kept for 
1aborator,y analyses. 
Perforations 
The 12-inch casing was perforated with a heavr duty tills knife. 
Thirteen holes per row and 26 rows in all were made from the 17- to 26-
foot depth. This averages Slightly less than 3 rows per foot. Later, 
9 rows of 13 holes per row were made from the 27.0- to the 29 • .5-foot 
depth. A test perforation through the casing extending above the ground 
measured 7/16-inch wide and 3 inches high with the uppermost portion 
tapering to a point. Its area is approximately 1 square inch. The 
perforated area per foot of pipe is about 8.5 %. The minjrnum considered 
desirable is 6%. 
Power Supply and ~ 
The well was completed August 15 with the permanent instaJJa. tion 
of tUlbers to spread the casing load and support I-beams welded to the 
casings. 
The Telluride Power Company installed a pole and transformer to 
bring power to the site at 60 cycles, 3 phase, and 220 volts. 
The test-pump unit rented from. the driller was an a-inch turbine 
type driven by a lO-H. P. electric motor. Only 24 feet of column was 
ini tially ins talled. 
Gravel Envelope 
Gra.vel for the envelope was obtained from the Delta pit and was 
hand-screened over a 1/2-inch mesh screen. Approximately 9 cubic yards 
was stock-piled. Fortunately, there were tew stones over 1 inch in size, 
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but the high percentage of fines at the pit made the handling of a large 
volume of material necessar,r. This, together with the fact that man.1 of 
the stones have an undesirable flat plate-like shape, 'Would seem to 
justify bringing in graded gravel from outside the Delta Area in future 
operations. No pit in the Delta, Topaz, or Oak City Area seems to have 
favorable 'gravel. 
Depth; 39 feet 
Outside Casing: 26-inch diameter; 1/4-inch thickness; 15 teet length; 
not perforated. 
Inside Casing: 12-inch diameter; 1/4-inch thiclmess except top 14 teet 
which is 5/16-inch; 40 feet long; perforated. 
Soil Formation: Depth, Feet Description of FOl~tion 
-
o - ~O Topsoil, lighter clays 
10 - 15 Dense, brick-like clays 
,15 - 31 Gravel and sand 
31 - 33 Olay 
33 - 37 Very fine sand 
Below 37 Very dense clq 
Method of Installation: 
-
Rotary drill with 30-foot tower. Upper IS-foot clay augured out 
wi th 26-inch auger. Hole completed and lett utlS'{lpported before installa-
tion of outside casing. Unperforated 12-inch casing bailed from inside 
with suction-type sand bucket to 38-toot depth. 
Perforations: 
Perforated in place with Mills knife. 
17- 26-foot depth: 26 rows, 13 holes per row. 
27- 29.5-foot depth: 9 rows, 13 holes per row. 
Calculated Area: 8.S percent o£ circum;t:erentiaJ.. area. 
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Gravel Envelope: 
7-inch thick gravel envelope 3/8- to l-inch stones. 
Development: 
Limited development by surging pump and backwash1ng. 
a-inch, two-stage, deep well turbine with direct connected, vertical, 
lO-horsepower electric motor. 
Underground Formation 
General Description 
The 1946 annual report describes the underground formation as 
determined during piezometer installations which indica.ted a depth to 
gravel, through a surface c1q stratum, of 1.5 to 17 feet at the well 
and points north and east, with the depth decreasing to 12 feet at a 
distance of 800 feet west 'of the well. Likewise, the thickness of the 
gravel stratum. is noted. as 10 to 15 feet in north, east,' and south 
directions from the well and decreasing to 6 teet at 800 feet west of 
the well. That a clq stratum underlies the gravel stratum at all points 
in the well area seems evident. 
The 1947 drilling operations support the 1946 findings in regard to 
the formation at the well s1 tee Samples, 'of the formation were obtained 
for laboratory analyses which reveal more accurately the geological 
structure. Details of the analyses are given on page 37. 
Water-Bearing stratum 
The 16-foot gravel stratum. at the well seems rather, sharply divided 
into two layers from the standpoint of texture and permeability. The top 
9 feet is a mAxture of pebbles and sand and the bottom 7 feet is sand 
wi th a sprinkling of stones. The decreased permeabi11 ty to water of the 
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lower part of the water-bearing stra~um places even greater limitation 
on the water-yielding capaoity of the shallow stratum than was anticipated 
in 1946. 
TEST DATA 
--
Operation ~ Testing of the !!!! 
Ini tial Pumping 
Pumping was. begun A.ugust 16. Although no water measurement was made, 
the flow was quite clear and estimated at 100 g.p.m. Arter preliminary 
pumping the casing was perforated between the depths 27.0 and 29.5 Jeet • 
.By means of a 90-degree, V-notch weir, the flow was determined as 
135 g.p.m. 'With l3-foot drawdown. The specific capacity was therefore 
10.4 g.p.m. per foot ot dra'Wndown. Additional sand pumping was noted. 
As was to be expected, the high ini~ial rate of flow was not maintained 
when the steady flow conditions were approached, and by 6 P. M., the flow 
was down to 107 g.p.m. Sand was still being pumped. 
Test work wB:S begun on August 18. Since no air line was available, 
a 4o-root insulated wire designed for use nth the electricaJ. sounder 
was used to measure the depth to water inside the 12-inch casing. Piezo-
meters were instal.led between the 12- and 26-inch casings in an effort 
to determine the water level there, and thus measure the hydraulic head 
loss near the well and through the casing. Data gathered at this time 
indicated the loss through the casing to be about 4 £eet for a flow of 
100 g.p.m., with a specific capacit,r of about 1.3 g.p.m. per foot of 
dra:vrdown. 
The low flow prompted a decision to add a lO-foot length pump column 
in order to determine the now that could be obtained with greater draw-
dovm. One obstacle was that the bottom 10 or 12 feet of the hole had 
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sanded in and no well driller or equipment was available to clean out 
the well. By alternately pumping and stirring up the sand with an air 
compressor, the hole was cleared to .31 feet. The pump was pulled with 
the aid of a tripod and the 10 feet of column added. Difficul ty was 
encountered in lowering the unit due to the tact that the hole had 
partially refilled 'with sand. ,By rotating the pumping unit back and 
forth while the pump was in operation, it was possible· to pump sand and 
clear the hole sufficiently to allow the unit to be lowered to the 
desired level. Initial flows on resumption of pumping at this time 
were 140 to ISO g.p.m •. Throughout the intermittent pump~ and testing 
during the following ten days, a flow of approximately. 120 g. p.m. was 
maintained. 
Development 
During the period of initial pumping and development comparatively 
little sand was pumped-much less thaJ1, from the 1946 well. As a result, 
there was little opportunity to add graded gravel from above. With no 
e~pment for further development available, the backwashing method was 
used. To 'provide an adequate source of water for dovmward flow a pond 
was built near the pump delivery pipe. By aJ.ternately pumping to fill 
the pondj and then stopping the pump and letting the ponded water flow 
back down the well and through the pump, approximately 1/2 cubic yard 
of sand was removed. The operation was continued for about 10 hours over 
a period of 3 days. Since approximately 1/3 cubic yard of graded gravel 
was added as replacement of the pumped sand, this method of feeding 
gravel to the stratum was demonstrated as positive. Settlemeat., of the 
gravel between the casings was most noticeable during the period of 
reversal or downward water now. 
Drawdown-Discharge Curve 
Further test work included determination of the drawdow.n-discharge 
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curve for the well and an attempt to measure the hydraulic head loss 
through the casing. The discharge was. varied to give successive draw-
downs of 4, 8, 12, 16, and 20 feet. Sufficient time was aJ.lowed in each 
case for steady flow to be established as nearly as possible as evidenced 
by constant water levels in the piezometers. A 4-ineh gate vaJ:v.e on the 
end of the discharge pipe made close control of discharge possible. The 
resul ting curve of F1.gure 12 is typical of the kind obtained ,from an 
artesian: well. As long as the drawdown is less than the pressure head 
measured at the top of the water-bearing stratum (providing hydraulic 
losses at the well are not excessive), discharge is directly proportional 
to drawdown, and a straight line is obtained. (18) Beyond this point 
discharge increases less and less rapidly with drawdown untU no 
measurabl.e increase in discharge is obtained for the last one or two 
feet. 
The drawdown-d1scharge curve of Figure J2 is applicable only to the 
well in its state of development at' time of test. Further development 
work wi.ll likely aJ.ter the curve. 
Direct l4easurement of Head Losses at ~e Well 
---------- ---
In an. effort to determ:i.ne water levels outside the 12-inch well 
casing, and thus measure directly the hydraulic head loss through the 
gravel envelope and through the casing, three types of piezometers-
(a) open end, (b) pointed end with openings in the side wall near the 
lower end, and (c) well points-were installed between the 12- and 26-
inch casings. 
The results were erratic and disappointing. No definite reason for 
this can be assigned. It may be due, in part, to the uncertainty ot 
determining the exact location of the lower end of the piezom.eter which 
perhaps ttdrifts" during driving. 
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Long-Time Pump ~ 
On September 14, the supervision ot the pumping unit was turned over 
to Mr. Jay Bennet, of Sutherland. With only minor stoppages, pumping 
has been continuous since that date. Daily records of discharge have been 
kept and these are summaried in Figures 13 and 14. Piezometers have been 
read monthly. 
Effect 2!! Water Table 
Figures 8 iio 10, inclusive, shoW' the water table elevations on each 
of the £1 ve radial lines, on various dates during the non-pumping period, 
(;; 
December 1946 to August 15, 1947, and during the period of' almost con-
tinuous pumping, September 1, 1947 to January 24, 1948. In order to 
keep the plotted data to a minimum only representative elevations have 
been sho'Wll for each of the summer months. As noted in the 1946 investi-
gations and report, the elevations of the pairs of piezometric surfaces 
are so nearly identical. that only one surface' is plotted in each case. 
Quoting from the 1946 report, (7) 
"The small differences between tile elevation of the water sur-
face in the short piezometers, and in ~he piezometers based in 
the gravel stratum, are particularly signUicant. The rapid 
lowering of the free water table due to the reduction of pressure 
in the gravel stra.tum, indicates there is no danger that the 
water table will be 'perched' due to the clay overlying the 
gravel. In api te of the density of this clay, it 1lill pass 
water readily enough, either due to fracture, or for some other 
reason, that the water table is instantly lowered by pumping 
the gravel stratum. 1I 
This is aJ.so borne out by' the 1947 water table readings. Water table 
elevations" and depths during May and J.uly are so nearly identical that 
only one profile has been plotted as representative for the t~ months. 
The plotted ground water level profile of September 14 represents the 
wa1ier table at the beginning of the continuous long-time pumping test. 
Figure 13 shows the fluctuation of the ground water level at each 
of the five points 400 feet from the well, and Figure 14 at points 800 
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feet during both the non-pumping and the pumping period of 1947. They 
show that the water table is normally highest in the latter part of June 
when it is at a depth of' 4 to 5 feet in this area. The daily pumping 
rate is shown in the upper right part of the figure. The flow of 95 
g.p.m. is equivalent to 12.5 aore-feet per 30-day month. 
Table 1 shows the ground surface elevations at points approximately 
400 feet and 800 feet distant from the well. 
Table 1. Ground Surfaoe Elevations at Points (or stations) 
400 and 800 feet from the Well 
Station Ground Surface Elev. Station Ground Surface nev. 
Designation Feet Above Datum Designation Feet Above Datum 
BE 371 109.3 NE712 109.3 
E 400 109.4 E800 109.4 
s 400 109.1 5800 109.1 
wltl4 108.9 W800 108.9 
N 400 108.5 N 800 108.5 
The depth of the water table below the ground surface at any of these 
points may be determined by subtracting the ground water level elevation, 
as given by Figures 13 and 14, from the appropriate ground surface eleva-
tion, given in Table 1. For example, referring to Figure 13, on July 22, 
1947, the water surface at Station HE 370.7 was at elevation 104.3 teet 
and, since the ground surface elevation at this point is 109,3, the 
depth to water table on this date was 5.0 feet. On November 26, 1941, 
the elevation of the water surface at the same point was 102.3, making 
the depth to water table 7.0 feet. 
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Winter Pumping 
Figures 8, 9, and 10 show a progressive lowering of the water table 
trom September 14, 1947 to :March 7, 1948 (except for the rise follawing 
early December irrigation) due to pumping and to seasonal changes. The 
March 7, 1948 plottings from data taken three days after pump stoppage 
due to a burned-out pump motor form a basi~ of comparison 'With the March~-l,_ 
1947 data. The 1948 plottings for March show the water table to be 
generalJ.y" 0.8 feet lower than in March, 1947. It is difficult to say 
'What credit may be given the single-unit pumping program for this 
situation. 
It is believed that total winter precipitation was lower during 1947 
and 1948 than during 1946 and 1941. October to December, inclusive, 
precipitation at the Delta airport was 6.91 inches for 1946 and 3.4S 
inches tor 1947. A comparison of March 1947, and 1948 groundwater levels 
determined from piezometer readings at six other sites in the Delta area 
may be of interest. (See Figtlre 1) Sites C and D west and north of the 
well show no change and a rise of 0.3 feet for the 1948 readings respectivelye 
At site F to the southwest, and at sites A and Oasis, south of Delta, the 
ground water is 0.4 to 1.0 feet lower and up to 0.5 feet lower respectively. 
It is likely, however, that at the sites compared the elevation of the 
water table is influenced more by the elevation of the bottom of the drain 
than by winter precipitation. 
The effect of pumping on the ground water gradient is evident from 
a comparison ot the profiles during pumping and non-pumping. The steep-
ness near the well during pumping shows the deSirability of keeping head 
losses at the well to a minimum in order to have the maxi mum head avail-
able for moving water through the stratum. Figure 13 shows that the ground 
water levels at points 400 feet from the well are affected more uniformly 
and to a greater extent than those 800 feet distant shovm in Figure 14. 
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Figure 14 shows tor October 25 a very favorable lowering of the 
water table due to pumping-approximately 1 to 1-1/2 feet over the area. 
Station 8+00 East is in the direction of the source of ground water and 
hence there was less lowering at that station. The general rise on 
December 2 is probably due to som.ewhat heavier local irrigation near the 
well during 1947. In spite of the high December 2 water table, the 
readings of December 26 showed a lowering of 1 to 2 feet in the three-
week period 'Which brought levels well below those of October 25. Winter 
pumping had, by January 24, 1948, lowered the water table to approximately 
one foot below the m:in.1mum recorded natural. water table of March 1, 1947. 
The lack of water infiltration from precipitation during the winter 
evidently causes the well to draw from an extremely wide area. A wide-
spread pumping program would undoubtedJ.y cause a greater lowering of the 
water table. 
Effectiveness !f Well 
The 1941 Well 
---
Percent effectiveness has been calculated and shown for each of the 
flows in Figures 1$ to 19. Most recent calcuJ.ations based on the long-
term pump test show a value of 37%. Wi th reference to Figure 19 using 
10,3.1 as the normal water-table elevation, the theoretical drawdown at 
the casing is 103.1 - 94.9 = 8.2 feet. Elevation 94.9 is the inter-
section of the logarithmic straight line plotting of the water-ta~le 
surface and the outside of the casing of radius 0., feet. The draw down 
in the well at this time was 22.0 feet. The effectiveness is then 
(8.2) (lOO) • 31% approximately 22.0 
Ind1rect Measurement of Head Losses at the Well 
....... ----- ------ - - - - -
The total drawdo'WD. is equal to the hydraulic head which causes the 
water to move from remote points, through the stratum and into the well. 
It is especially import'ant to ~ -the hydraulic head losses in the 
vicinity of the well. The data of Figures 15 to 19 were used to make an 
analysis of these losses as a basis for determining the need of further 
well development. In each case, the discharge Q, the actual drawdown in 
the well, and theoretical drawdown in the stratum are the significant 
items. Figure 20 summarizes the results.* 
There are tyro seues on the lett-hand side of Figure 20. The outer 
gives the calculated elevation of the water level outside the casing and 
the inner, the caJ..culated drawdown in feet. At each elevation the two 
scale values are complementary---their sum is l03.G-the elevation of the 
naturaJ. water table at the time the data were collected. The right-hand 
scale gives the head loss at the well in feet as the difference between 
the actual drawdown in the well and the cal.culated drawdovm in the stratum. 
Hydraulic ~ ~ !!! Water-Bearing St~atum 
Curve A of Figure 20 shows the relation of the head loss in the 
aquifer to the well discharge. The following example illustrates how 
, '~ 
this curve was developed: From Figure 15 for Q = .15 c.f .s., (67 g.p.m.) 
theoretical drawdown 5.1 teet. From Figure 16 for Q = 0.20 c.l.s., 
(90 g.O.m.) theoretical drawdown = 7.6, etc. Other points are determined 
in the same way. Curve A is determined purely by- the characteristics 
of the formation. It, is indicative of the flow to be expected for each 
drawdown for steady streamline flow when only the formation is considered. 
Its slope cannot be altered if the thickness of the aquifer is constant' 
and if the permeabilities at all points in the aquifer are of the same 
value. (See Equation 4) 
* Analysis suggested b.Y D. F. Peterson, Jr. 
Hydraulic Head ~ at ~ 
Curve B is obtained by plotting Q against the head loss in the well, 
i.e., Q against the difference between the theoretical or the calculated 
\ 
and the actual drawdawns. For example, from Figure 16, for Q = 0.2 c. f • s. J 
(90 g.p.m.) the theoretical head loss is 12.0 - 7.6 ~ 4.4 feet. Other 
points are obtained in a similar manner. The steepness of curve B for 
the discharges near 100 g.p.m. represents a rapidly increasing loss of 
hydraulic head in the vicinity of the well w.i. th increase in discharge. 
The characteristics ot curve B are subject to some measure of control. 
For example, further successful well development would reduce the head 
loss and fiatten the curve. The head loss in. the well should be very 
small. 
The data presented in curve B of Figure 20 qui te definitely shaw 
'the need for further well development. 
Permeability Determinations 
Field Measurements 
Figures 15 to 19, plotted from data collected during drawdown dis-
charge tests, indicate an artesian condition by the fact that the water 
surface out~ide the casing was above the top of the gravel stratwn during 
the ,tests. 
For steady radial now in a stratum of uni:rorm thickness, under 
artesian conditions, the permeability is equal to 
k = 2.30 Q log10 ~ 
Rl 
from Equation 4 transposed. 
(41.) 
In solving Equation 4a the average water surface elevations can 
best be determined by plotting a.gainst the logari thIn or the radius. Such 
plottings have been made in Figures 15 to 19, and a calculation of per-
meability made in' each case. Using the average stratum thickness of 10.9 
feet as determined in the 1946 analyses, the values of k as recorded in 
the upper left-hand corner of each figure are of the order of 3 x 10-3 
feet per second as compared to the 1946 value of near17 4 x 10-3 feet 
per second. This is a close agreement considering the meagre data 
collected during 1946. This value of k is in the range ordinarily 
attributed to a medium to coarse saild. (9, p.649) 
As an example of the calculation of k, reference is made to Figure 
17. For convenience, ~and Rl are chosen as 100 feet and 1 foot res-
pectively. Corresponding vaJ.ues of 1'2 and n at R2 and &1 from the 
figure are 100.9 and 95.2. Substitution of Q = 0.235 c.f.s. for this 
test, and t = 10.9 feet in the formular gives k = 2.77 x 10-3 feet per 
second. 
Laborato;y ~easurements 
It has not been found possible to check these values by laboratory 
permeability tests on the disturbed samples. Determinations made at 
the colle ge soil mechanics laboratory using a constant-head permeameter 
gave an average value o£ k of 6.4 x 10-4 feet per second for the 15- to 
24-foot stratum. Values ranging trom 0.85 x 10-4 to 3.0 x 10-4 feet 
per second, were obtained for the 24- to 31-foot stratum. In tbs U. S. 
Regional Salinity Laboratory tests the values of k varied from 6 x 10-4 
to 18 x 10-4 feet per second for the coarser material and from 1. x 10-4 
to 2.5 x 10-4 feet per second for the fines. The upper layer is therefore 
6 to 7 times as permeable as the lower. 
Tests on samples from the 34- to 37-foot stratum. gave average 
permeability values o£ 0.050 x 100 - 4 feet per second. These values 
closely approximate the aver~ge permeability for coarse silt. 
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Assuming the ratio of the permeabilities of the strata to be 7 to 
1. and noting that the ratio of their thickness is 9 to 7, the ratio of 
the flows under the same hydraulic gradient would be 9 to 1. It appears, 
therefore, that 90% of the flow occurs through the upper part of the 
permeable stratum which is from the 15- to 24-foot depth. 
Before begiQD:ing each test, carbon dioxide gas was fed through the 
sample in the permeameter to displace air in the VOids, since entrapped 
air has been found to af"f'ect permeability. The laboratory tests showed 
rather wide variation in permeability values. The degree of compaction 
of the samples, and perhaps other factors, seemed to affect. permeability 
to such an extent as to make the etfect of the carbon dioxide treatment 
unnoticeable. 
Mechanical Analyses of SOils 
Size Gradation Curves 
Figure 21 shows representative curYes resulting from mechanical 
analyses of samples from various depths. Soil c1.assification is some-
times determined from such curves on the basis of the 20% size. The 
20% size is that size for which 20% ot the sample is finer and 80% 
coarser. On the basis ot the United states Bureau of Soils Cla.ssification 
(9, p. 649) the material from the 15- to 24-foot depth is in the medium 
to coarse sand range., Likewise. the 24- to 3i1-foot layer is classified 
as a fine sand and the 3.3- to 37-foot laye:r as a very fine sand or a 
coarse silt. The field determinations o.f permea.bility approximate the 
usual values for a medium to coarse sand whose 20% size is 0.50 mm.. (9) 
From these studies it appears tha.t the water-bearing stratum -which 
has previously been referred to as a gravel, is in reality a medium to 
tine sand. The slope of the plotted curves indicates that there is a 
rather complete gradation trom fines to larger particles. Such a condition 
imposes serious limitations on the water yield that may be expected from 
the formation. The finer particles fill the pore spaces and thus decrease 
the area through whic~ flow can take place, and greatly reduce the permeability. 
1.\ 
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It becomes of special importance, therefore, to reduce losses at the _11 
to a minimum in order that the maximum now through the stratum mq be 
realized •. 
Sui tabUi ty ~ !!!!. Development 
The curves for the 1,- to 24-foot samples of Figure 21 indicate-
that by bringing into the well the fine sands from these depths of the 
stratum, a un:i..tormly graded envel.ope, with greatly increased pore space 
d.iameter would be developed. The curves for the 25- to .31-f'oot samples 
indicate that Imlch sand might be brought out from the layer. With a 
positive method of getting replacement gravel dawn, dif'f'icul.ty from 
caving, due to failure to replace removed fines, is ~ely. 
!I 
1 
.( 
1 
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~ ANALYSIS 
Costs of !!1! !!!!:!::!? 
The cost of the 1947 well, the prices quoted for a pump unit 
designed for the well capacity and lift, and the assumptions noted, 
are used as the basis for the following analysis of annual costs of a 
single well and p'f:lIllP. 
OapitaJ. Costs 
1. Well and extras • • . . . . . . . . . . • • • • $ 869.00 
2. One and one-hall H. P. baby turbine to 
discharge l20 g.p.m. at 3D-foot head ••••• 398.50 
Total • • • • • • • • • • • • $1,267.50 
Annual. Gosts 
1. Power costs for pumping 12· months 
1-1/2 H. P. at $6.30 •• • • • • • • . . . • • $ 
2. Maintenance at $10 per year • • . . . . . . . . 
,3. Capital cos'l:;s reduced to uni.torm annual cost 
:1 
on basis of 20-year life and 4 percent interest 
(1267.50) (0.0736) • • • • • • • • • • • • • • 
4. Total annual. costs . . . . . . . . . . • • $ 
Costs per ~ 
113.40 
10.00 
93.25 
216.65 
It is assumed that the pump 'Will operate twelve months per year with 
a discharge of 100 g.p.m., and that eight acre-inches per acre per year 
must be removed by artificaJ. drainage. One hundred g.p.m. is equivalent 
to 161 acre-feet per year, or the excess water from 242 acres of land. 
On this basis, one well unit would furnish drainage for 242 acres at a 
cost of $216.65 per annwm, or $0.90 per acre. 
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A more effective well would reduce the annual costs per acre because 
of lower capi taJ. investment, but not to the extent that might be assumed 
upon casu.al investigation. Suppose a well and pump m ving twice the 
discharge could be obtained for the same investmentt and, therefore, 
that one unit would drain twice the area, or 484 acres. On the basis of 
an eight-inch artificial drainage requirement, the total annual cost 
for one unit would then be: 
Power •••• · . ... . . • • $ 226.80 
lIIIaintenance . . • • • • . . · . 10.00 
Capital Costs • • • • • • • • • • • 
Total •• · . . . • • $ 330.0.5, 
which is $0.68 per acre as compared to $0.90, a reduction of about 24%. 
The most uncerta1n. figure in the foregoing analysis is the amount of 
water that must be removed annually by artificial drainage. Assuming that 
for alfa.l£a hay two and one-half feet is the average depth of water applied, 
(6) the excess 'rill be the two and one-half feet plus available rainfaJ.l 
during the growing season, less evaporation and consumptive use. The 
average summer rainfall is rather 10Vl, appro~tely four ~ches for 
April to September inclusive, and it is believed that the consumpt~ve use 
must be between one and one-half and two feet. (ll) (10) (4) This leaves 
an excess of between six and twelve inches to be removed by natural. or 
artificial causes, provided the evaporation equals the rainfall. There 
is reason to believe that there is considerable naturaJ. underground now 
from the cultivated area. It appears, therefore, that eight inches is a 
reasonable estimate of the amount that would need to be removed by 
artif'ical drainage. 
* As experience in drilling wells in the local. formation is gained, less 
expensive wells producing more water will doubtless be obtained, but 
it is not believed that a reduction in capital investment to the 
extent herein assumed is possible in the Sutherlahd formation. 
48 
Quality or Water!!..! Factor,~ PumPing Costs 
A. factor of vi tal importance in costs of drainage by pumping is 
the value of the pumped water for irrigation purposes. In the Delta 
Area this value depends largely on the salt content of the irrigation 
water. The salt content of the water pumped from the experimental drain-
age well during the winter of 1947-48 has ranged from 4,000 to 6,000 p.p.m. 
High salt content in the draina.ge water is to be expected as long as 
Sevier River w~ter, which contains about 1,500 p.p.m. salts, is used in 
irrigating. Indeed, as long as Sevier River water is applied in the 
area, it will likely be advantageous in the long term view to waste the 
drainage water pumped and thus continue to remove salt from the irrigated 
area. Should better water, with much less salt, be made availalUe for 
irrigation at some later date, it is possible that the drainage water 
pumped during the irrigation season might be of such quality that it 
could be used to supplement irrigation water supplies. The pumped water 
would be of particular value during dry years • 
.Assuming that 80 acre-feet would be pumped from one well and 
utilized during the irrigation season, its value at $1.,0 per acre-
foot would be $120. This amount is more than sufficient to cover the 
annual power bill or 55% of the total annual costs for wells of the 
present effectiveness. 
CONCLUSIONS 
.!!!! 1947 ~ 
With regard to the 1947 well, the following conclusions are 
presented: 
1. Effectiveness. The 'effectiveness' of the 1947 well is quite 
low.' Further development should be undertaken in order to 
I ' 
determine if specific capacity can be increased. I 
2. Specific Capacity. The specific capacity of the wellr is! some-
what variable. For a discharge of 80 g.p.m., the dra:wdown is 
10 feet giving a specific capacity of 6 g.p.m. per foot of 
drawdown. (See Figure 12) At a discharge of 105 g.p.m., the 
drawdmm is 16 feet, corresponding to a specific eapaci tv of 
6.6 g.p.m. per foot of drawdown • 
.3. Water Table Lowered. Continuous pumping for four and one-half 
months prior to February 1, 1948, has successfully lowered the 
water table in the general area of well influence by from two 
to three feet during the winter months. 
4. Continuation S!! Test. In order to obtain complete information 
regarding the effectiveness of the well for drainage, test 
pumping should be continued for at least one full year. 
General 
With regard to the general. problem of drainage by pumping tt follow-
ing conolusions are drawn. I 
5. Limited Pwnping Feasible. Limited areas in the Delta region 
are underlain by a relatively thin gravel stratum at shallow 
depth in which wells mq be constructed for the purpose !or 
, 
obtaining better drainage. (See Figure 1) 
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6. Method ~ Construction. The method used for construction at 
the 1947 well produces a stable well. It is believed tJat much 
more effective wells will be produced when further experience 
is gained in the particular formation. 
7. ~. As~g that eight inches of water per year must be 
removed from the soil by artificial means it 1s estimated that 
drainage can be accomplished for approximately $0.90 per acre 
per annum if wellsof the same degree of effectiveness as the 
1947 well are constructed. 
8. Increased Effectiveness. Construction or more effect! ve wells 
would decrease the annual cost of drainage. 
9. Winter Pumping. Limited data indicate that pumping a single 
well during the winter season does not produce a rapid :lowering 
of the water table beyond a certain depth. General pumping 
throughout the area might be expected to be considerably more 
effective in this regard, however. 
10. ~ Screens. If further test wells are to be constructed, 
consideration should be given to using a properly designed well 
screen, especiaJ.ly" in the more sandy formations. 
11. Further Exploration. Consideration should be given to con-
structing test wells in other favorabl.e areas and to c1structing 
small diameter exploratory wells in areas where presently avail-
able information indicates favorable formations may exist. 
12. Local. Grave1s Not Suitable. Local" gravels are flat-shaped and 
plate-like and are not suitable for the envelope. Importation 
of gravels in which the particles are not flat, for use as 
envelope material, is desirable. 
13. Careful Planning Recommended. Any extensive program of i drainage 
by pumping should be undertaken cautiously since areas where ... 
I 
Si 
pumping is feasible are limited. .A. slow, well-Planned±rOgram 
would provide an opportunity to apply the experience g ad 
b.om pl'ftious drilling aDd pwaping as the development I 
", I 
progresses. Oareful observationsa,nd complete records ot 
" ,,' I 
a111lOrk: dolle, per£o~s, and costs should be main+ in 
order to' eval.uate the et£edtiveness of variations in":Jtecbnqile. 
I 
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